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摘  要 
海洋颗粒有机质 (particulate organic matter, POM) 作为初级生产力的承担者，
是链接生物泵和微型生物碳泵的重要桥梁，在海洋物质和能量循环中扮演重要角
色。海洋颗粒附着 (particle-attached, PA) 细菌能够寄居在颗粒物上，通过细菌水
解酶作用将 POM 转化成溶解有机质 (dissolved organic matter, DOM)，在颗粒物
周围形成羽流。POM 在去除过程中直接为 PA 细菌提供底物，影响 PA 细菌群落
组成，而颗粒物释放的小分子化合物则影响周围的浮游 (free- living, FL) 细菌群
落组成。因此，相对于 FL细菌群落，POM 生物化学特征可能与 PA 细菌群落关
系更加密切。为了 1) 验证这个假说；2) 阐明 POM 对 PA 细菌和 FL细菌群落的
影响；3) 揭示 POM 如何链接生物泵和微型生物碳泵，本研究通过两个现场航次，
以元素分析仪-稳定同位素质谱、热裂解-气质联用和高效液相色谱技术为主要研
究手段，检测分析了沿着珠江口到南海海盆的颗粒物生物化学特征，包括稳定同
位素组成、碳氮比率、色素组成和化学组成。同时，通过 16S rRNA 基因高通量
测序分析 PA 细菌 (>3 μm) 和 FL (0.2-0.8 μm和 0.8-3 μm) 细菌的群落组成。主
要的研究结果如下： 
南海水体中颗粒物特性的空间变化。沿淡水至海盆方向，POM 含量呈现出
逐渐降低的变化趋势。同时，POM 生物化学特征 (包括 POM 稳定碳、氮同位素、
碳氮比率、浮游植物生物量和群落结构组成、化合物组成) 存在显著空间变化。
分析结果表明：河口颗粒物主要为陆源和海洋生物混合来源，而陆架颗粒除 Pico-
浮游植物来源，还受陆源输入和沉积物再悬浮影响。海盆颗粒物主要是由 Pico-
浮游植物贡献。另外，沿着淡水向海盆的颗粒浓度梯度，颗粒物芳香烃化合物相
对含量降低，而脂肪酸和烷烃类化合物相对含量增加，表明颗粒物的生物可利用
性呈现增加趋势。陆源输入的抗逆性 POM 能够免受降解而储存在陆架沉积物中，
这对海洋抗逆性溶解有机碳的产生可能具有重要意义。 
南海水体中颗粒附着细菌和浮游细菌群落结构变化。南海异养细菌群落可分
为淡水、河口、陆架和海盆 4 个聚类。淡水-河口区细菌类群主要为放线菌目、
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伯克氏菌目和根瘤菌目，陆架和海盆区主要以 SAR11 为主。除海盆区外，不同
粒径细菌群落间无显著性差异。海盆区细菌群落差异主要由厌氧细菌 (如厌氧绳
菌科) 和喜好厌氧环境 (如着色菌科) 的细菌群落贡献，表明颗粒物上存在一个
低氧微区，而颗粒物的这种微孔属性是影响 PA 细菌和 FL 细菌群落差异的重要
因子。另外，细菌群落网络分析结果显示 PA 细菌群落相互作用关系要强于 FL
细菌群，表明颗粒物小的空间结构有助于细菌群落间的相互作用，进而促进细菌
群落间的新陈代谢和基因交换，进一步证实颗粒微孔结构对 PA细菌群落的影响。 
颗粒物特性对 PA 细菌和 FL细菌群落影响。沿着淡水向海盆的颗粒浓度梯
度，细菌群落组成和 POM 化学组成存在一致的空间变化趋势。CCA 和 Mantel
检验分析结果表明，相对于 PA 细菌群落，POM 元素组成和 POM 化学组成与 FL
细菌群落的关系更加密切。因此，颗粒微孔属性驱动着 PA 细菌群落组成，而 POM
组分显著影响 FL细菌群落组成，暗示颗粒物释放的活性和半活性碳贡献了DOM
库的生物可利用性，进而通过微型生物碳泵贡献海洋碳固存。 
关键词：颗粒有机质；颗粒附着细菌；浮游细菌；化学组成；细菌群落组成 
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Abstract 
 
Particulate organic matter (POM), as the living biomass of primary producers,  
links the biology pump and microbial carbon pump, and palys a major role in the 
material and energy circulation in the ocean. Marine microorganisms, particularly 
particle-attached (PA) bacteria colonize and remineralize the organic particles, which 
in turn can lead to a dissolved organic carbon (DOC) plume surrounding the particles. 
This means that particles, as direct substrates, could select for the corresponding PA 
bacterial community structure and function; while the DOC plume from particles 
could select for the free- living (FL) bacterial community. Particle composition is 
likely to have the most direct influence on their attached bacteria. Thus, we 
hypothesize that particles have a stronger influence on PA than FL bacterial 
communities. To test the hypothesis and investigate the relationship between particle 
composition and PA and FL bacterial communities, a gradient from particle-rich to 
particle-poor water is necessary to help reveal patterns and mechanisms. The South 
China Sea (SCS) is characterized by a sharp gradient in particle traits over a small 
spatial region, which make the SCS an ideal environment for examining the 
relationship between particles and microbes. In the present study, the bacterial 
community composition in three size fractions (0.2-0.8, 0.8-3, and >3 μm) and 
particle composition including stable isotope composition, C/N ratio, and chemical 
composition were analyzed along the particle density gradient from the Pearl River to 
the open basin in the SCS. The main outcomes include: 
The spatial variation of biochemical properties of particles in the SCS. The 
POM concentrations showed a gradually decreased trend from freshwater to the SCS 
basin. A spatial variation of stable carbon and nitrogen isotopic ratios of POM was 
present in the SCS, indicating the different contribution of organic carbon source to 
POM. There showed a significant spatio variation of phytoplankton biomass and 
community structure in the SCS, and the phytoplankton biomass was significant 
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related to POM concertration. The present results indiacted that a dominant 
contribution of C3 plants and riverine phytoplankton on POM in river, and POM in 
esturary was contributed by riverine and mariner phytoplankton, and the POM in shelf 
soured from Pico-phytoplankton, terrigenous input and sediment resuspension, the 
POM in baisn surface mainly soured from Pico-phytoplankton. The POC chemical 
composition shows a singnificant spatial variation. The relative aboundacne of 
aromatics in POM showed a decreased trend along the particle density gradient from 
the freshwater to the basin, and the relative aboundacne of fatty acid and 
alkanes/alkenes showed an opposite trend, indicating an increasing tread of 
bioavailability of POM. Most of refractory POM derived from terrigenous input 
cound conserve in the sediment for a long time, which would be significant in the 
production of refractory DOC in the ocean. 
The variation of size-fractional bacterial communities in the SCS. All 
heterotrophic bacterial communities from the three size fractions were separated into 
four clusters along the gradient from freshwater to the sea basin: the river Cluster; 
estuary Cluster; shelf surface-bottom Cluster; and basin surface Cluster. SIMPER 
analysis revealed that river and esturay Cluster were characterized by high relative 
abundances of Actinobacteria, Burkholderiales, and Rhizobiales, while shelf and 
basin Cluster were characterized by higher relative abundances of SAR11. No 
statistically significant differences were observed between different size fractions 
within each Cluster, except for the basin Cluster. The latter difference was attributed 
to even higher relative abundance of anaerobe bacteria (e.g., Planctomycetes and 
Verrucomicrobia) in >3 μm fraction, indicating the existence of a low-oxygen 
microzones in the suspended particles. As an important factor, this low-oxygen 
microzones impact the difference of PA and FL community composition. Community 
network models further revealed tighter interactions within the PA than in FL bacterial 
communities, suggesting that a relatively confined space means that PA bacteria are 
physically closer to their cooperators or competitors, facilitating metabolic  
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cooperation, and genetic exchanges. This suggests that particulate micro-niches might 
play a role in shaping PA bacterial community structure. 
Linking biochemical properties of particles to particle-attached and 
free-living bacterial communities. Multivariate analysis evaluating the similarities 
of bacterial community composition and chemical composition of particles revealed 
their general consistent spatial variations along the particle density gradient from 
freshwater to the sea basin. However, compositions of POM were more strongly 
related to the FL than to the PA bacterial community composition, which was 
composed of relatively abundant anaerobic bacteria and those taxa preferring 
low-oxygen conditions. This result might be caused by low-oxygen micro-zones in 
particles. Community network models further revealed tighter interactions within the 
PA than in FL bacterial communities, suggesting that a relatively confined space in 
particles is more favorable for interactions within the community. These analyses 
indicated that particle micro-niche properties might be important in shaping PA 
community structure. In contrast, POM compositions significantly influenced the FL 
bacterial community probably through the release of labile or semi- labile organic 
matter from particles contributing to the bioavailability of DOC and to carbon 
sequestration by the ocean through the microbial carbon pump. 
 
Key words: Particulate Organic Matter, Particle-attached Bacteria, Free- living 
Bacteria, Chemcial Composition, Bacterial Community Comopostion 厦
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缩略词表 
 
缩略词 英文全称 中文全名 
19‘-but-fuco 19‘-butanoyloxyfucoxanthin 19,-丁酰基氧化岩藻黄素 
19‘-hex-fuco 19‘-hexanoyloxyfucoxanthin 19‘-己酰基氧化岩藻黄素 
Acar α-carotene α-胡萝卜素 
Allo Alloxanthin 别藻黄素 
Bcaro β-carotene β-胡萝卜素 
BP Biological pump 生物泵 
Chl a Chlorophyll a  叶绿素 a 
Chl c3 Chlorophyll c3 叶绿素 c3 
Chlide a Chlorophyllide a 植基叶绿素 a 
Chl c1+c2 Chlorophyll c1+ c2 叶绿素 c1+ c2 
CCA Canonical correspondence analysis 非线性模型的典型对应分析 
Diad Diadinoxanthin 硅甲藻黄素 
Diato Diatoxanthin 硅藻黄素 
DNA Deoxyribonucleic acid 脱氧核糖核酸 
DOC Dissolved organic carbon 溶解有机碳 
DOM Dissolved organic matter 溶解有机质 
FL Free-living 浮游 
Fuco Fucoxanthin 岩藻黄素 
HPLC High performance liquid chromatography 高效液相色谱 
LDOC Labile DOC 活性的溶解有机碳 
Lute Lutein 叶黄素 
MCP Microbial carbon pump 微型生物碳泵 
Neo Neoxanthin 新黄素 
NMDS Nonmetric multidimensional scaling 非度量多维标度 
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OTU Operational taxonomic unit 可操作分类单元 
PA Particle-attached 颗粒附着 
PCA Principal components analysis 主成分分析 
PCR Polymerase chain reaction 聚合酶链式反应 
Peri Peridinin 多甲藻素 
POC Particulate organic carbon 颗粒有机碳 
POM Particulate organic matter 颗粒有机质 
PON Particulate organic nitrogen 颗粒有机氮 
Pras Prasinoxanthin 青绿藻黄素 
rDNA ribosomal RNA gene 核糖体 RNA 基因 
RDOC Refractory DOC 抗逆性的溶解有机碳 
Tchl a Total chlorophyll a 总的叶绿素 a 
Viola Violaxanthin 堇菜黄素 
Zea Zeaxanthin 玉米黄素 
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